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NACA ACR No. LLE31
NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

ADVANCE CONFIDENTIAL REPORT

PROFITE~DRAG COEFFICIENTS OF CONVENTIONAL AND LOW-DRAG
AIRFOILS AS OBTAINED IN FLIGHT
By John A. Zalovelk

SUMARY

The results of flight Investigations of the profile
dreg of several carefully finished conventional and low-
dreg alrfolls are presented. Ths results 1lndicated that
in ell ceses lowar rroflle-drsag cosfflclents were

obtained wlth the low-drag than with the conwventional
eairfolls over ths rango of 1lift coefflclent tested and
that, for comparable condlitions of 11t coafficlent and
Reynolds number, the low-drag airfolls may have nroflle-
drag coefficlenta which are at least 27 rercent lower
than the profile-drag coefflclents of the conventlonal
airfolla,

-

INTRODICTION

A number of flight lnvestigations have been
conducted by thes National Advisory Commlttee ior
Aeronautlics durling the past several years to determine
the proflle drag of various conventlonal and low-drag
alrfolls, The purpose of this revort 1s to present
the princlpal results of these 1lnvestigations in order
to provide information that may be of assistance in
Judging the relative merits of conventional and low-
drag alrfolls.

ATRT'OILS TESTED

The varlous alrfolls teated were the NACA 27-212,
NACA 35-215, NACA 66,2-2(1L.7), NACA 6L,2-(1.L)(13.5),



2 VNSRS NACA ACR No. I|E31

N¥A%A 24,5, N-22, and two Republic S-3 sectlons, one

11 vercent thick and the other 13 percent thick. These
two sections are deslgnated Republle S-3,11 and Repub-
lic s-?,lﬁ In thils paper. Flight tests of the

¥ACA 61,2-(1.11)(13.5) and the NacA 241l.5 airfolls are
revortad in references 1 end 2, rsspectively. The pro-
flles of the afirfoils tosted are shown in flgure 1.

The FACA 27-212 and NACA 355-215 ajricll sections were
bullt into panels arovnd tke wings of the alrplanss on
which thsy were tested. The others were sections of

the actual wings ol the test alrrlanes., The arrangement
of the test punels ard thec spanwlse positions of the
wing sections tested ere shosn in plan form in figure 2.
The alrfoll designaticn NACA 64,2-(1.L)(13.5), which is
the test sectlon of tlhe NACA-NAA (Worth Amerilcan Avia-
tion, Inc.,) compromise low-~-drug wing, was based on the
maximum thickness and cn tiie pressure~distribution
characterlstlcs comnuted Trom the moasursd ordilnsatss

of the test sectlon. Tho designation NACA 66,2-2(14.7)
was gimllarly determired.

™he NWACA 2%;1};.5, Republic S-3,11, Republic S-3,13,
and N-22 soctlions may be clessii'led as corventloral
alrfoils and the NACA 6l,2-(1,4)(13.5), NACA 27-212,
NACA 35-215, and NACA 62,2-2(14.7) sections, as lcw-
drag elrfolls.

L1l the alrioils tested ware carefullv smoothed
and fairsd to elimlnate nerceptible protuvbe:rances due
to riveta, skin loints, and access doors. Surface
waviness, however, was present to varlicus degrees on
tte different alri'cils. Surfacs waviness was messured
bv unse of a curvatvre gage of tl.e type shown in fig-
ure 3 on the urver surfaces of the NACA 35-215 and
Republlc S-3,13 alrfolls and on the upper and lower
surfaces of the NACA 64,2-(1.4)(13.5), NAcA 66,2-2(1L4.7),
and Republic S-%,11 airfolls. No waviness measurements
were obtalned for the other alrfolls,

The curvature-gage measurements on the NACA 35-215,
NACA Oly,2-(1.4)(13.5), MACA 66,2-2(1L.7), Republic S-3,11,
and Republic S-5,13 airfolls wsre made with the legs
of the gage sraced 1.2, 3.8, 4.0, 4.0, and 3.0 percent
of the section chord, respectively. In order to
present these measurements on a comparabls basis, the
measurements on the NACA 35-215, NLCA 6L,2-(1.4)(13.5),
and Republic S-3,13 alrfclls were reduced to values 4
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that a gage would give 1f the legs were spaced 1.0 per-
cent of the section chord ¢, This reduction was made
to the first order of approximation on the assumption
that the readings of a curvature gage were proportional
to the squore of the leg spacing. The reduced measure-
ments together with the measurements on the

NACA 66,2-2(1);.7) and Republic S=-3,11 sections are
presented in figure l as plots of d/¢ against a/c,
where 8 1s the dlatance along the surface from the
leading edge. The dashed lines in figure l. indicate
the arproximate curvature-gage readings that would be
obtained 1f the surfaces were free of waviness.

It should be pointed out that wing distortion
1nr £1ight may introduce waviness considerably different
from that measured. This effect 1s probably adverse
and may Le expected to vary conslderably with wing
conatruction,

Tho destablilizing effect on the laminar boundary
laye® due to wavinzsss of a given magnitude lncreases
as the chordwlse veloclty gradlent becomes less favorable
(or more adverse). The chordwise velocity distribution
for the various alrfolils at a section 1ift coeffi-
clent e¢3 of 0.20 have therefore been included in

figure ;. The wnlncity dlstributions were calculated
for the undlsterted alrfoll proflles by the method of
reference 3. The veloclty distributlons are glven as a
plot of the rattlo U/Ub against s/e¢, where U 1is

the local wvelocity outslde the boundary layer and

U, 1s the free-stream velocity.

PROFILE DRAG

The proflle-drag coeffilclents were evaluated from
wake survefs of the various airfolls by the method of
reference /L and compresslbility corrections were applied
as In reference 5. In figure 5 the sectlon profile-
drag coefflclents cdo and the corresponding Reynolds

numbers R are plotted agalnst sectlon 1ift coeffi-
clent o¢9. The Mach numbers of the tests were less
than 0.5%.

From figure 5 1t may be seen that all the low-drag
airfolls gave lower profile-drag coefficients than the
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conventional airfolls over the rangs of 1lift coefficleht
tested. The lowest proflle-drag coefflclent, a value

of 0.0040, wes measured on the NACA 27-212 section at

a 117t cosfficlent of 0.28 end a RKeynolds number

of 7.L. x 10°, The NACA 27-212 airfoll, however, 18 nct
conslderad a pariticularly desiraeble airfoill bscause, as
Indicated by wind-tunnel tests, low drag 1s cbtained
only over a relativsly small range of 1ift coefilcient
end the pressure gradilent ut thc tralling edge 1is
mnscessarily severs. AL Reynonlds numbers in the range

from 15 x 10° to 20 X 106, noew commonly ancountered by
fizhter-type alrcraft, rrofile-irag coefflclents

of 0.0045 and 2.0052 wers reasured cn the NACA 66,2-2(1L.7)
snd NACA 6l,2-(1.4)(13.5) airfolls, respegtively. At
Reynolds nurmbsrs from 22 X 1C° to 31 x 109, a vrofile-

drsg coefficisent of 0.C049 was ottained on ths

MACA 35-215 airfell.

The lowest nrofile-drag cosfficlent obtalned on
the conventional wing sections was 0.0062 and was
meesnred on ths Repwvwbllic 3-%,11. Ths lowest profile-
Grag coefficients obtalned cn cthe cther conventional
sectlons were 0.0C67 Ffor the hanublle S-3,13 and 0.0066
fer the NACA 241L.5. All thess velues were obtained at
low 11ft coefficierts in the range of Reynolds number
from 15 x 10° to 20 x 106. on the N-22 sectlion only
one valuve of profile-drag coefficient, C,007C, was
obtalned, which was ut tha relatively high 1ift coeff}-
cilent of 2.50 and the low Reynolds nwnber of .4 x 100,

“he resvlts for trhe NaCA 65,2-2(14.7) urd Repub-
1lc S-5,11 sectiorns were ootalaed Ior tke —ost nserly
comparabls test condltions - that 18, 1ift coefficlent,
Reynolds number, und wing-surface preparation - and are
thherefore best sulted for the comparlison of the »rofille-
drag characterlstics of low-drag und convantlonal alr-
folla, At a 1lift ccefflcient of 0.20 and a Reynolds
mumber cf 16 x 106 tie proflle-drag coefflclents for
the NACA 66,2-2(1l;.7) and Rerublic S-3,11 sections ware
0.0045 and 0.0062, respectively. The rrcfile-drag cosf-
ficient of the NACA 65,2-2(1l;.7) section is thus 0.0017,
or 27 percent, lower than the proflle-drag coefflcient
of ths Republlc S-3,11 section.

Unpublisred tests 'n the NACA two~dlmensional low-
trrbulence pressure tmnel of a soction apnroximating
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the NACA 66,2-2(1L.7) indicated a profile-drag coeffi-
clent of 0,003l at a 1lift goefficient of 0.20 and a
Reynolds number of 16 x 100, 8imilar tests .(unpublished)
of NACA 2%0-serles airfolls indicated a profile-drag
coefficlent of 0.0063 for en NACA 23011 section at a
1ift coefgioient of 0.20 and a Reynolds number

of 9 x 10¥, The Republic 8-3% sections have pressure-
dilstribution characteristics that are very nearly those
of the NACA 2350-series sections and may therefore be
expected to have the same drag characterlstics. Inas-
much as the surfaces of the NACA 66,2-2(1L.7) airfoil
tested 1n flight were carefully filnished tc glve a very
low degree of waviness (figs. K(g) and (h)), probably
comparable wlth that of the tunnel model, the con-
siderably greater drag measurad in flight as compared
wlth the value obtalned in the tunnel 1s belleved to be
due to an Increase 1n surface waviness assoclated with
wing distortion under air loads. The better agreement
betwesn the flight and tunnsl results for tke conven-
tional secztlons may irdicate that the position of
transition 1s so Tfar forward on these ssctions that 1t
is not materlally affectsad by an increasses in surface
waviness resvlting from loads Impossd on the wing in
flight.

CONCLUDING REMARKS

The results of profile-drag tests of various
smoothed alrfolls Indicated that in all cases lower
proflle-drag coefflclents were obtalned on low-drag
alrfoils then on conventional alrfoils over the range
of 11ft coefficient tested. The results also Indicated
that, for comparable condltlons of 1lift coefficlent and
Reynolds number, the low-drag airfolls may have proflle-
drag coefflclents which are at least 27 percent lower
than the proflle-drag coefficlents for the conventional
aeirfoils,

Langley Memorial Aeronautlcal Iaboratory
Nationael Advisory Committes for Aeronautics,
Langley Fleld, Va. ot
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Figure 3.- Curvature gage.
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Figure 5.~ Comparison of profile-~drag coefficients ob-
tained in flight on various conventional and low-drag
airfoils. Reynolds number for corresponding 1lift

coefficients given above.




